ABSTRACT: A total of 2,430 pigs (PIC 337 × 1050; Hendersonville, TN; initially 30.1 kg) were used in a 113-d growth trial to determine the effects of increasing dietary Zn on growth performance and carcass characteristics of finishing pigs raised under commercial conditions. Pens of pigs were assigned to be fed one of five dietary treatments in a randomized complete block design. Treatments consisted of 50, 87.5, 125, 162.5, or 200 mg/kg added Zn from Zn hydroxychloride (IntelliBond Z, Micronutrients, Indianapolis, IN). Two identical barns were used for a total of 18 pens per treatment with 27 pigs per pen. Experimental diets were fed in five phases and contained a vitamin-trace mineral premix without added Zn. Pens of pigs were weighed approximately every 2 wk to calculate average daily gain (ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F). At the end of the experimental period, pigs were tattooed with a pen identification number and transported to a packing plant to measure hot carcass weight (HCW), backfat, loin depth, and calculated lean percentage. Data were analyzed block nested within barn as a random effect and pen as the experimental unit. From days 0 to 42, pigs fed diets with increasing added Zn had lower (linear, P = 0.043) ADFI and a tendency (P = 0.092) for lower ADG. From days 42 to 113, increasing added Zn resulted in a quadratic response (P = 0.042) for ADFI and a tendency (linear, P = 0.056) for improved G:F. Overall (days 0 to 113), there were tendencies for quadratic responses for ADFI (P = 0.073) and G:F (P = 0.059), with the greatest G:F observed when 125 mg/kg of Zn was fed. Increasing added Zn resulted in a linear increase (P < 0.001) in daily Zn intake. There were no differences (P > 0.10) in overall ADG, final body weight, HCW, backfat, loin depth, lean percentage, mortality, and removal rate. In conclusion, there were no improvements in ADG when feeding beyond 50 mg/kg added Zn; however, providing 125 mg/kg added Zn resulted in the greatest G:F.
INTRODUCTION
Zinc (Zn) is an essential mineral for protein, carbohydrate, and lipid metabolism due to its essentiality as a component of metalloenzymes, such as DNA and RNA synthetases, digestive enzymes, and insulin (NRC, 2012) . The dietary Zn requirement for 25 to 135 kg grow-finish pigs ranges from 50 to 60 mg/kg depending on body weight (BW) (NRC, 2012) . This requirement is usually met through the trace mineral premix, which is commonly considered the sole source of added Zn (Miller, 1991) . According to a U.S. swine industry survey, added Zn levels in grow-finish diets range from 72 to 86 mg/kg (Flohr et al., 2016) , thus it is relatively common practice to supplement more Zn in growing pig diets than the requirement.
Traditionally, inorganic Zn sources such as Zn oxide and Zn sulfate are most commonly used in swine diets. Zinc hydroxychloride is a novel inorganic source of Zn manufactured through the reaction of high purity forms of the metal with water and hydrochloric acid (Leisure et al., 2014) . This process forms hydroxychloride crystals that contain Zn covalently bonded to hydroxyl groups and chloride. The covalent bonds are expected to reduce reactiveness with other components of the diet and to improve bioavailability (Cao et al., 2000) .
Currently, there are few studies with grow-finish pigs, especially conducted under large-scale commercial conditions, evaluating dietary Zn concentrations. Therefore, the objective of this study was to determine the effects of increasing dietary Zn from Zn hydroxychloride on growth performance and carcass characteristics of grow-finish pigs housed under commercial conditions.
MATERIAL AND METHODS
The Kansas State University Institutional Animal Care and Use Committee approved the protocols used in this experiment.
Animals and Diets
The study was conducted at a commercial research facility in southwestern Minnesota. Two identical barns, naturally ventilated and double-curtain sided, were used for a total of 90 pens with 27 pigs per pen. Pens (5.5 × 3.0 m) had completely slatted floors and were equipped with a four-hole stainless-steel dry self-feeder and a cup waterer. 
Statistical Analysis
Data were analyzed as a randomized complete block design with block nested within barn as a random effect and pen as the experimental unit. Polynomial contrasts were constructed to evaluate the linear and quadratic effects of increasing Zn on ADG, ADFI, G:F, BW, daily Zn intake, and carcass characteristics. All data were modeled as normally distributed with the exception pig removals and mortality were modeled using a binomial distribution. Data were analyzed using the GLIMMIX procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). Results were considered significant at P ≤ 0.05 and a tendency at 0.05 < P ≤ 0.10.
RESULTS AND DISCUSSION

Chemical Analysis
Results of proximate analysis and total Zn analysis followed formulated values (Tables 2  and 3 ). Crude protein, total Ca, and total P levels were similar across treatments within dietary phase (Tables 2 and 3 ). The average analyzed total Zn across all phases was 110, 115, 142, 185, and 204 mg/kg for diets formulated to 50, 87.5, 125, 162.5, and 200 mg/kg added Zn, respectively. The analyzed total Fe and Cu were similar across treatments (Tables 2 and 3 ) and were, on average, 150 and 151 ppm, respectively. 
Growth Performance and Carcass Characteristics
From days 0 to 42, pigs fed diets with increasing added Zn had decreased (linear, P = 0.043; Table 4) ADFI. There was a tendency for reduced ADG (linear, P = 0.092) and day-42 BW (linear, P = 0.078) as added dietary Zn increased. From days 42 to 113, increasing added Zn resulted in a quadratic response (P = 0.042) for ADFI, with ADFI decreasing for pigs fed 87.5 mg/kg of Zn and then returning to control intake values as Zn increased. As a result, there was a tendency (linear, P = 0.056) for improved G:F with increasing added Zn. For overall growth performance (days 0 to 113), there were tendencies for quadratic responses for ADFI (P = 0.073) and G:F (P = 0.059). The lowest ADFI was observed at 87.5 mg/kg added Zn and the greatest G:F was observed at 125 mg/kg added Zn. Pigs fed diets with increasing added Zn presented a linear increase in daily Zn intake (P < 0.001). There were no differences (P > 0.10) in overall ADG, final BW, HCW, backfat, loin depth, and lean percentage. Pig mortality and removal were low (0.8 and 2.5%, respectively) and were not influenced by dietary Zn inclusion.
On the basis of our results, there was no benefit to adding more than 50 mg/kg Zn for ADG and carcass characteristics, but 125 mg/kg of added Zn improved G:F. Cemin et al. (2019) evaluated 50, 100, and 150 mg/kg of added Zn from two sources (Zn sulfate and Zn hydroxychloride) for grow-finish pigs. In contrast to findings of the current study, it was observed that pigs fed diets with 100 mg/ kg added Zn had a tendency for greater ADG and significantly greater HCW regardless of Zn source. Carcass yield increased linearly with increasing added Zn, and pigs fed Zn hydroxychloride had greater carcass yield and a tendency for heavier HCW than those fed Zn sulfate.
Although our experimental diets did not contain ractopamine hydrochloride, our results are in Effects of Zn on finishing pig performance agreement with Paulk et al. (2015) , who observed in one trial a tendency for a linear improvement in G:F of finishing pigs with increasing added Zn from Zn oxide from 50 to 150 mg/kg in diets with ractopamine. However, the results were inconsistent, and in a second trial Paulk et al. (2015) did not observe evidence for effects of increasing added Zn. A similar result was reported by Fry et al. (2013) , where added Zn improved G:F for finishing pigs fed diets with ractopamine but results were not repeatable in subsequent trials. It is important to note that our diets did not contain ractopamine, thus these results may not be directly comparable However, other research suggests there is little evidence for Zn effects on growth performance of grow-finish pigs. Feldpausch et al. (2016) observed no evidence for effects of 150 mg/kg added Zn from Zn oxide on growth performance and carcass characteristics of 48-to 136-kg pigs, as well as no additive effects of Zn and Cu. Holen et al. (2018) evaluated organic and inorganic Zn sources ranging from 60 to 140 mg/kg added Zn for grow-finish pigs raised under restricted floor space allowance and observed no effects on growth performance and carcass characteristics. Interestingly, Ma et al. (2012) observed no effects of removing supplemental trace minerals (Zn, Cu, Fe, and Mn) up to 6 wk preslaughter on growth performance, although some carcass characteristics were negatively affected. Moreover, Gowanlock et al. (2013) found no evidence for differences between pigs fed a basal corn-soybean meal diet without supplemental Zn, Cu, Fe, and Mn or the basal diet with 50% or 100% of the NRC (2012) mineral requirement estimates.
The NRC (2012) presents Zn requirement estimates as mg per kilogram of diet as well as mg per day. These values range from 50 to 60 mg/kg of diet and 90 to 139 mg per day for grow-finish pigs from 25 to 135 kg BW. In our study, pigs fed diets with 50 ppm added Zn had a daily Zn intake of 129 mg, which should meet the requirement estimated by the NRC (2012). Overall, available research suggests that there are no benefits of feeding higher levels of Zn to grow-finish pigs although in the current study G:F was improved with 125 mg/kg added Zn or 310 mg/d. It is important to note that most existing research evaluated other inorganic sources, such as Zn oxide and Zn sulfate, or organic Zn sources. It could be hypothesized that the contrasts observed between the available literature and our study were at least partially driven by differences in Zn availability in the Zn hydroxychloride used in our study. An important consideration is that excessive Zn excreted in the manure can pollute ground water by leaching or soil erosion (Hsu and Lo, 2001) . As restrictions to nutrient excretion increase in the swine industry, the use of lower levels of added Zn close to the requirements may be beneficial.
In conclusion, our results suggest that supplementing grow-finish diets with greater than 50 mg/ kg added Zn did not lead to improvements in ADG and carcass characteristics. However, there may be G:F benefits of supplementing up to 125 mg/ kg added Zn. These results match some of the data found in the literature, but inconsistencies in response are apparent and differences in Zn source could at least partially explain the results observed in the current study. Further research is required to compare Zn hydroxychloride with other inorganic and organic Zn sources to determine if source of Zn has an impact on the response observed.
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